Although the Drosophila Y chromosome is degenerated, heterochromatic, and contains few genes, there is increasing evidence that it plays an important role in regulating the expression of numerous autosomal and X-linked genes. Here, we use 15 Y chromosomes originating from a single founder more than 550 generations ago to study the role of the Y chromosome in regulating rRNA gene transcription, position-effect variegation (PEV), and the link between rDNA copy number, global gene expression and chromatin regulation. Based on patterns of rRNA gene transcription indicated by the transcription of the non-LTR retrotransposon R2 that specifically inserts into the 28S rRNA gene, we
Introduction
The Y chromosome in Drosophila melanogaster is gene-poor, heterochromatic, and largely degenerate owing to the lack of recombination in males and the reduced effective population size of the Y (1) (2) (3) . Beyond carrying a handful of factors essential for male fertility, the Y chromosome has been regarded as having little function. Despite this relative lack of functional DNA, recent studies have shown that Y-linked genetic variation in Drosophila modulates the expression of hundreds of genes across the genome (4) (5) (6) . While it is presumed that this trans-acting transcriptional regulation is related to epigenetic modification of chromatin state by the Y chromosome, the functional basis for this effect has remained elusive (5) .
The D. melanogaster Y chromosome contains fewer than 20 single copy coding genes (7) (8) (9) , with the bulk of the chromosome comprised of repetitive DNA. Among the best-studied Y-linked loci is the rDNA locus (designated bobbed), which physically accounts for approximately 10% of the entire Y chromosome, and is homologous to the X-linked rDNA locus. The rDNA locus in D. melanogaster is a tandemly repeated array that consists of hundreds of units, with each unit encoding 18S, 5.8S, and 28S ribosomal RNA genes (Fig. 1A) . In an rDNA cistron, many of the rDNA units cannot form functional ribosomes due to insertions of the site-specific retrotransposons R1 and R2 (10) . Partial deletions of the X-linked rDNA locus result in a "bobbed" phenotype in homozygous females, characterized by slow development and shorter bristles. Notably, the bobbed phenotype is not seen in males carrying a bobbed X chromosome and a normal Y chromosome (11) , suggesting that rDNA transcription from the Y chromosome in males can compensate for X-linked rDNA deletions. However, the functional interactions between the X-linked and Y-linked rDNA loci are not well known beyond the fact they facilitate the X-Y pairing during meiosis (12) .
It is clear that the rDNA locus can have trans-acting regulatory effects on the transcription of rRNA genes: the phenomenon of nucleolar dominance occurs when one rDNA locus is inactivated by another. Mostly observed in interspecific hybrid plants, nucleolar dominance has also been reported in some hybrids of Drosophila and Xenopus (13) . In D. melanogaster, silencing of one X-linked rDNA locus by that of an X chromosome of different origin was reported in interspecific hybrid females (14, 15) .
Examples in intraspecies crosses of D. simulans females have also been reported (16) .
The mechanisms of nucleolar dominance are likely related to chromatin modifications (17) , implying a potential role for the rDNA locus in modulating chromatin state. It is not known, however, the relation between Y-linked and X-linked rDNA loci and how related chromatin modifications occur in males.
Another form of transcriptional silencing -position-effect variegation (PEV)has been shown to be influenced by Y-linked variation in males (5, 18) . PEV is the phenomenon where euchromatic genes juxtaposed to a heterochromatin boundary as a result of chromosomal rearrangement are transcriptionally repressed in some cells but not others, based on variation in the amount of heterochromatin spreading. In artificially constructed D. melanogaster lines carrying varying amounts of Y chromosomal DNA (18) , the amount of Y chromosomal content was found to correlate with the amount of suppression of a PEV marker gene. Later, introgression lines carrying naturally occurring Y chromosomes were also shown to vary in the amount of suppression of PEV marker genes (5) . These results suggest that the Y chromosome plays a role in modulating the chromatin state of the genome.
Here we use a set of mutation-accumulation lines (the Harwich lines) derived from a single founder more than 550 generations ago ( Fig. S1 and details in Materials and Methods) to dissect in more detail the potential effects of this hypothesized modulation of genomic chromatin state by the Y chromosome. We first show that the X-linked rDNA locus is silenced in males, suggesting that the Y-linked rDNA locus is transcriptionally dominant in D. melanogaster. We then demonstrate that PEV varies across these lines and is correlated with features of the rDNA locus and patterns of global gene expression.
Together, these results suggest that Y-linked variation is involved in modulating at least two processes of transcriptional silencing, probably related to chromatin modification.
We argue that the Y chromosome plays an important role in modulating global heterochromatin patterns and thus the global transcriptional program and ultimately organismal phenotypes.
Results and Discussion

Evidence for X-chromosomal rDNA silencing in males
To determine the level and status of rDNA transcription, we took advantage of the non-LTR retrotransposable element R2, which inserts specifically into the 28S rRNA gene and consequently blocks the function of that particular unit. Since R2 cotranscribes with the 28S rRNA gene (Fig. 1A, 19 ), it can be used as a sensitive marker for judging whether the rDNA transcription from either the X-linked or the Y-linked locus is dominant or additive. Using this approach, we first showed that ribosomal RNA genes are transcribed differently (as large as 40-fold) both between males and females of the Harwich population and across individual lines ( Fig. S2 ). Among the 15 Harwich lines, some lines (e.g. H23) have high R2 transcript levels in females relative to males, while other lines (e.g. H15) have high R2 transcript levels in males relative to females.
Crosses were carried out among the Harwich lines and also a laboratory strain (w 1118 ), which has extremely low levels of R2 transcription in both males and females.
Shown on the left of Fig. 1B , females of a "high R2 transcription" line H23 were crossed to males of a "low R2 transcription" line (either H21 or w 1118 ). In F 1 females, which had one X chromosome with a low transcription level and another X chromosome with a high transcription level, the rRNA genes derived from the high-transcription X were silenced. Similar X-X interactions were reported previously as an example of intraspecific nucleolar dominance (16) .
In contrast to the pattern we observed in females, where the X chromosome with higher R2 transcription is silenced, in males the X-linked rRNA genes are consistently silenced regardless of transcription levels. Males of the "high R2 transcription" line H15 were crossed to three types of females: those from the H23 line (high R2 transcription in females), from w 1118 (low R2 transcription), and from H21 (low R2 transcription). In all cases the F 1 males retained an R2 expression level indistinguishable from that of the H15 male ( Fig. 1B and Fig. S2 ), indicating X-linked rDNA silencing. To confirm this result, we expanded our analysis to include males from three different geographic populations (Vienna, Cameroon, and Zimbabwe). These males were crossed with either "low R2 transcription" (w 1118 ) or "high R2 transcription" (H23) females. In virtually all cases, the male progeny exhibited expression levels similar to the male parent (Fig. 1C ). These results again strongly suggest that X-linked rDNA is silenced in males.
By backcrossing Harwich Y chromosomes into the w 1118 background, we could also show that the X-linked rDNA silencing is independent of genetic background and stable over generations. After 9 generations of backcrossing, the R2 transcription levels of males remain consistent with the transcription levels in the original Harwich lines ( Fig.   1D ). One exception is that this X-linked rDNA silencing was not consistently observed when the Y chromosomes were introgressed into a female background with compound X chromosomes ( Fig. S3 ). However, given the complexity of the regulatory situation when three rDNA loci are present in the flies, it is not clear how relevant this observation is for a normal XY context.
Finally, we examined two sources of molecular evidence for X-linked rDNA silencing in males. First, we monitored the transcription of specific 5' truncated R2 elements, which allowed us to directly distinguish transcription from the rDNA of the X and the Y chromosomes. Comparing males and females from three Harwich lines (H5, H14, and H15), we found that X-linked R2 elements are either not transcribed or their transcription is dramatically suppressed in males ( Fig. 1E ). Second, we examined somatic cells for presence or absence of a secondary constriction on the X or Y chromosome. The rDNA locus generates the nucleolus seen in all interphase cells. As cells approach metaphase, RNA polymerase I is diminished and the nucleolus disappears. A signature of the nucleolus temporarily remains in premetaphase, however, because the previous transcription activity of the rDNA locus shows up as a secondary constriction at the site.
This constriction site is in addition to the primary constriction at the centromere. Our cytological analysis showed that, in males, only a single secondary constriction site associated with nucleolar rDNA transcription can be observed, and it is on the Y chromosome ( Fig. 1F ), indicating X-linked rDNA transcriptional silencing. Although the molecular basis for X-linked rDNA silencing is not clear, in other cases it involves changes in DNA methylation and histone modification (17) .
Y-linked rDNA variation associated with PEV
The rDNA locus on the X chromosome in Drosophila species evolves rapidly in size mainly as a result of unequal crossing over between sister chromatids (20, 21) , suggesting that the Y-linked rDNA may also evolve rapidly enough to accumulate detectable variation over the 550 generations of evolution since the establishment of the Harwich lines. To further isolate the role of the Y chromosome-linked features, we introgressed the 15 Harwich Y chromosomes into an otherwise identical isogenic background (Bloomington Stock Center Line 4361 with genotype y [1] ; bw [1] ; e [4] ; ci [1] bobbed X chromosome. The size of the rDNA locus on the Y varies more than three-fold, from 160 to 500 units, with an average size of 330 units ( Fig. 2A) . The Y-linked rDNA locus in these lines appears to be larger than the X-linked rDNA locus, which ranges in size from 150 to 300 units (20) . Since the size of an average rDNA unit is about 13 kb, including the rRNA genes and intergenic spacers (22, 23) , the total size of the Y-linked rDNA locus ranges from 2-6 Mb among the lines, representing about one tenth of the Y chromosome. This amount of variation at the rDNA locus could have a significant epigenetic influence genome wide (24) .
To further explore the possible epigenetic effects of variation across these Y chromosomes, we examined the phenomenon of PEV, which has been shown to be affected by variation in the Y chromosome (5, 18) . As a marker for PEV, we used the classic w[m4h] system, in which the white gene is relocated from its normal euchromatic region to the pericentromeric heterochromatin near the base of the X chromosome. The spread of heterochromatin causes variegated expression of the white gene resulting in eye-color mosaicism, a mottled pattern of red and white spots or sectors (25, 26) . We On the other hand, we found that both the number and the fraction of the rDNA locus that is free of R1 and R2 retrotransposable element insertions, termed uninserted rDNA units (20, 21, 27) , are significantly and strongly correlated with the PEV ribosomal RNA that functions in protein synthesis. It has been suggested that only a fraction of the entire rDNA locus is transcribed, depending on the levels of transposon insertion (16) . Heterchromatin formation has been shown to be disrupted in mutants with small rDNA arrays (28) , and partial deletions of the rDNA array result in reduced heterochromatin-induced gene silencing (29) . The association of uninserted rDNA units with the suppression of the white gene expression that we observe is consistent with these studies. Our results also suggest that the uninserted fraction of the rDNA locus may be more important for heterochromatin formation than the overall size of the rDNA array.
A recent study suggested that an increase in rRNA transcription is an indicator of reduced heterochromatin in the genome (20) . While R2 serves as a good marker for tracking if R2 inserted rDNA units are transcribed, it is not sufficient to use R2 transcript levels to directly measure the total rRNA gene transcript levels because R2 only inserts into a fraction of the rDNA units and the transcribed fraction of the total units is not known. Therefore, we used gene expression levels of ribosomal protein genes as a proxy for rRNA gene expression. The expression data for ribosomal protein genes derived from microarray analyses comparing low PEV lines (predominantly red eyes, lines H15 and H23) with high PEV (predominantly white eyes, lines H5 and H7). As a class, ribosomal protein genes (n = 74) are expressed at a significantly higher level (median increased expression: 10%) in the low PEV group than the high PEV group. (P < 2.2e-16, Mann-Whitney U test, Fig. 2E ). Since the PEV phenotype is caused by the spread of heterochromatin into the adjacent w[m4h] gene, a reduction in heterochromatin is expected to allow greater expression of w [m4h] . The relation between both the uninserted fraction of rDNA units and the expression levels of ribosomal protein genes with PEV might indicate a reduction in heterochromatin in lines with low PEV. However, the mechanism of such chromatin modulation remains unclear.
Global gene expression in high and low PEV lines
The observation that PEV varies considerably among the Harwich Y-chromosome introgression lines suggests that Y-chromosomal modifiers of heterochromatic state have evolved among the Harwich lines within the past 550 generations. These introgression lines also afford the opportunity to ask whether Y-linked regulatory variation (4) has evolved among the Harwich Y chromosomes as well. We selected two representative lines from the predominantly red-eyed (low PEV) and predominantly white-eyed (high PEV) Harwich Y-chromosome introgression lines: H15 and H23 for low PEV and H5 and H7 for high PEV. We measured global gene expression using two-color microarrays across these four lines (Fig. S7 ).
Notably, we find strong evidence that global patterns of gene expression differ significantly between the low-PEV and high-PEV flies. First, we see a bias towards upregulation in genes that are differentially expressed between red-eyed and white-eyed flies, with twice as many genes upregulated in red-eyed flies (93 vs 46 with a 10% false discovery rate; Fig. 3A) . This difference contrasts with comparisons within PEV class, where an equal number of genes are upregulated vs. downregulated (13/13 for H5 vs H7, and 60/52 for H15 vs H23). Second, we see clear functional coherence, as indicated by Gene Ontology (GO) enrichment, among genes differentially expressed between PEV groups with several functional categories enriched in both the set of genes up-regulated in the low PEV group and the set of genes down-regulated in the low PEV group (Table S1 ).
The finding that pheromone-response and odorant-binding genes are enriched is of interest in view of a previous report (31) and their location near euchromatinheterochromatin boundaries. Third, hierarchical clustering of our four samples based on whole-genome gene-expression levels strongly clusters the two low-PEV lines and the two high-PEV lines into separate groups (Fig. 3B ). Finally, a correlation matrix of all pairwise fold-change ratios between the four lines (H5, H7, H15, and H23; Fig. S8) clearly shows that the inter-class comparisons (H15 vs H5, H15 vs H7, H23 vs H5, H23 vs H7) are more correlated than the intra-class comparisons (H5 vs H7, H15 vs H23).
Taken together, these results suggest that the high-PEV and low-PEV classes represent significantly diverged Y chromosomes that affect global gene expression differently. This global gene expression divergence emerged very quickly owing to the accumulation of Ylinked regulatory variation within only 550 generations.
One attractive hypothesis is that epigenetic regulation of X-linked and autosomal gene expression by the Y chromosome may be mediated at the level of chromatin by Ylinked rDNA, microsatellites, and other noncoding repetitive sequences. While a direct test of this hypothesis is beyond the scope of the current work, the chromatin-level hypothesis predicts that genes affected by Y-linked regulatory variation (YRV) should be physically clustered along chromosomes (32) . In order to test this hypothesis, we calculated the number of genes significantly upregulated (or downregulated) in high PEV vs. low PEV lines for sliding windows of 1 Mb with a step size of 500 kb (Fig. 3C) .
Several regions of the genome show a significant excess of genes whose expression is affected by Y chromosome (at a nominal P-value < 0.01). Taken together, these results imply a link between the chromatin modification mechanisms that drive PEV and the global patterns of gene expression regulation implicated in Y-linked regulatory variation.
Conclusions
In summary, we presented biological evidence for X-linked rDNA silencing in males of D. melanogaster. We also showed that the uninserted rDNA units are correlated with the suppression of PEV phenotype. In addition, hundreds of genes were found differentially expressed among the Y introgression lines, and global gene expression pattern clearly diverged between the low-PEV and high-PEV flies.
The Y chromosomes we have analyzed here have accumulated mutations for 550 generations. While we have shown that they have diverged considerably at the Y-linked 
Materials and Methods
Fly sources: The Harwich mutation-accumulation lines were originally subdivided from a single founder line and maintained for 100 generations with 10 pairs of unselected flies per generation (33) . After the initial 100 generations, the lines were further maintained by mass transfer every generation in regular laboratory conditions (20) . 
RNA-blots:
Total RNA was extracted from 25 adult females or 50 adult males. Ten micrograms of RNA were separated on 1.2% agarose, 2.2M formaldehyde gels, the RNA transferred to GeneScreen Plus, and hybridized with an anti-sense RNA probe from the 5' end of the R2 element as previously described (21) . The relative levels of the 3,600 nt full-length R2 transcript were scanned using a PhorsphorImager screen and quantified in the software ImageQuant (GE Healthcare). As a control for RNA loading and quality, all R2 hybridization signals were standardized by monitoring the level of the ribosomal protein gene rp49 hybridization on the same blots. PCR products containing promoter sequences for T7 polymerase were generated for synthesis of rp49 antisense RNA probe. P-32 labeled antisense RNA was generated by using T7 polymerase under the conditions suggested by the supplier (Invitrogen). The primers for the rp49 transcript were 5'-CAGCATACAGGCCCAAGATC-3' and 5'-GTAATACGACTCACTATAGGGCAGTAAACGCGGTTCTGCATG-3'.
DNA-blots:
Total DNA was extracted from 50 adult males. The Southern blots were exactly as described by Averbeck and Eickbush (20) . Briefly, genomic DNA was digested by restriction enzymes BamHI, ClaI and PstI that specifically cut the rDNA and inserted elements. Genomic DNA fragments that contain R1 or R2 insertions and uninserted rDNA by R1/R2 were then separated on 1% agarose gel, and further hybridized with a probe from the 28S rRNA gene. The fractions of uninserted and inserted rDNA units were determined using PhosphorImager screen on Typhoon scanner (GE healthcare) and quantified in the software ImageQuant (GE Healthcare). Cytology: Brain tissue was dissected from female 3 rd -instar larvae, fixed and squashed as described (34) . Rehydrated tissue was stained with 0.4 !g/ml DAPI for 2 min, washed briefly in water, and mounted in SlowFade reagent. All observations and photography were conducted on a Nikon DEC512 fluorescence microscope.
Reverse transcription PCR:
Quantitative PCR:
To assess the Y-linked rDNA locus size, males from the Harwich Y introgression lines were crossed to females of a stock with attached X chromosomes where the rDNA units have been largely deleted on both X chromosomes. At least five biological replicates (F 1 male progeny) consisting of three experimental replicates for each line were sampled. Q-PCR protocol is the same as described by Paredes and Maggert (35) . They were carried out with ABI Step-One Real-time PCR machine (Applied Biosystems). The tRNA gene tRNA K-CTT (15 copies per haploid genome) was used as a reference for calculating the copy number of rRNA genes. The primer sequences are identical as described by Paredes and Maggert (35) . 
Eye-pigment assay:
Microarray processing and gene expression analyses: Four Y introgression lines with
H5 and H7 representing high PEV group and H15 and H23 representing low PEV group were selected to perform genomic gene expression profiling analyses. Microarrays were 18,000-feature spotted cDNA arrays. RNA samples were extracted from 50 adult males that were collected and aged in 25 °C for three days and flash frozen using liquid nitrogen. Total RNA was extracted from whole flies using TriZol (Life Technologies).
Microarray processing including cDNA synthesis, labeling with fluorescent dyes (Cy3 and Cy5) and hybridizations were carried out using 3DNA kit (Genisphere Inc.), and scanned in Axon 4000B scanner (Axon Instruments). After hybridization and scanning, raw data were background corrected and normalized in the R package Limma, using the normexp method for background correction and the loess method for normalization.
Linear models were fit in Limma. Gene ontology analyses were conducted with the software GeneMerge (36). To estimate differences in expression between low PEV and high PEV lines, we fit the contrast (H15+H23)/2) -(H7/2), where H5 functions as the reference. All results are presented after multiple test correction using the false discovery rate method implemented in Limma (38). We consider genes significant if they survive multiple test correction at an FDR of 10%. Microarray gene expression data can be obtained from the GEO database (GSE 37068). Samples (H5, H7, H15, and H23) were hierarchically clustered using the R package pvclust. Since H5 is treated as the reference in the design matrix and fold change values are on a log2 scale, we defined H5 expression as 0 for all genes. We calculated a distance matrix using Euclidean distance, and then generated a hierarchical clustering using Ward's minimum variance method of clustering. To estimate significance, we used the pvclust function to perform a multiscale bootstrap resampling with 10,000 replicates. Approximately unbiased (AU in Figure) p-values calculated by pvclust represent the P-value for the test that the hypothesis of no cluster is true; high Pvalues, therefore, indicate strong support for the cluster. 
Gene clustering analyses:
Figure legends
Supplementary materials
Table S1. Gene ontology enrichment in the comparison of low and high PEV flies. 
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